Owing to their vast diversity and as-yet uncultivated status, detection, characterization and quantification of microorganisms in natural settings are very challenging, and linking microbial diversity to ecosystem processes and functions is even more difficult. Microarray-based genomic technology for detecting functional genes and processes has a great promise of overcoming such obstacles. Here, a novel comprehensive microarray, termed GeoChip, has been developed, containing 24 243 oligonucleotide (50 mer) probes and covering 410 000 genes in 4150 functional groups involved in nitrogen, carbon, sulfur and phosphorus cycling, metal reduction and resistance, and organic contaminant degradation. The developed GeoChip was successfully used for tracking the dynamics of metal-reducing bacteria and associated communities for an in situ bioremediation study. This is the first comprehensive microarray currently available for studying biogeochemical processes and functional activities of microbial communities important to human health, agriculture, energy, global climate change, ecosystem management, and environmental cleanup and restoration. It is particularly useful for providing direct linkages of microbial genes/populations to ecosystem processes and functions.
Introduction
Microorganisms are the foundation of the Earth's biosphere, and play integral and unique roles in ecosystem functions and biogeochemical cycling of carbon, nitrogen, sulfur, phosphorus and various metals. But the precise role of many microorganisms in these cycles is unknown (Fitter et al., 2005) . Understanding the structure, functions, stability and adaptations of microbial populations/communities is critical for basic science discovery, biotechnology, agriculture, energy, environment and human health. However, the majority of microorganisms in natural environments are not cultivated yet (Amann et al., 1995) . Owing to their extremely high diversity and their as-yet uncultivated status, microbial detection, characterization and quantification in natural systems remain challenging, especially on a large scale and in a parallel and high-throughput fashion. Also establishing linkages between microbial diversity to ecosystem functions represents even more challenges (Fitter et al., 2005; Levin, 2006) .
Microarrays are a recently developed, powerful genomic technology and are widely used to study gene expression (Schena et al., 1995; Lockhart et al., 1996; DeRisi et al., 1997; Liu et al., 2003; Gao et al., 2004) , monitor environmental processes (Loy et al., 2002; Taroncher-Oldenburg et al., 2003; Zhou, 2003; Bodrossy and Sessitsch, 2004; Rhee et al., 2004; Steward et al., 2004; Tiquia et al., 2004; Zhou et al., 2004; Wu et al., 2006a) , and potentially apply to clinic diagnosis (Lesko et al., 2003) . Similar to the situation in which microprocessors have increased the speed of computation, microarraybased genomic technologies have revolutionized genetic analyses of biological systems. Although microarray technology has been used successfully to analyze global gene expression in pure culture studies (Schena et al., 1995; Lockhart et al., 1996; DeRisi et al., 1997; Liu et al., 2003; Gao et al., 2004; Mukhopadhyay et al., 2006) , adapting microarray technology for use in environmental studies presents numerous challenges in terms of probe design, the coverage of gene sequences, specificity, sensitivity and quantitation (Loy et al., 2002; TaroncherOldenburg et al., 2003; Rhee et al., 2004; Steward et al., 2004; Tiquia et al., 2004; Wu et al., 2006a) .
To overcome such obstacles for studying microbial communities in natural settings, a particular type of microarrays, called functional gene arrays (FGAs), has been developed and used (TaroncherOldenburg et al., 2003; Rhee et al., 2004; Steward et al., 2004; Tiquia et al., 2004) . This type of arrays contains probes from the genes involved in key microbially mediated biogeochemical processes, such as C, N and S cycling, phosphorus utilization, organic contaminant degradation and metal resistance and reduction, and is particularly powerful for studying various biogeochemical processes. Because the arrays contain probes from the genes with known biological functions, they will be useful in linking microbial diversity to ecosystem processes and functions. Several systematic experimental evaluations indicated that FGA-based microarrays can be used as specific, sensitive and potentially quantitative tools for detecting microbial populations and functional activities in natural settings (Wu et al., 2001 (Wu et al., , 2006a Taroncher-Oldenburg et al., 2003; Rhee et al., 2004; Steward et al., 2004; Tiquia et al., 2004) . However, one of the greatest challenges in using FGAs for detecting functional genes and/or microorganisms in the environment is to design oligonucleotide probes specific to the target genes/microorganisms of interest because sequences of a particular functional gene are highly homologous and/or incomplete, especially sequences derived from laboratory cloning of environmental samples. Another challenge for using FGAs for studying the microbial communities in natural systems is the lack of arrays containing comprehensive probe sets. To tackle those challenges, in this paper, we report the design, construction, evaluation and application of a comprehensive FGA, termed GeoChip, which contains more than 24 000 probes from all of the known genes involved in various biogeochemical, ecological and environmental processes. As this is the second generation of FGAs, we refer to this array as GeoChip 2.0. The developed GeoChip is highly specific, and was successfully used for tracking the dynamics of metal-reducing bacteria and associated communities for an in situ bioremediation study. To our knowledge, this is the most comprehensive microarrays currently available for studying the functional processes and activities of microbial communities associated with human health, agriculture, energy, global changes, ecosystem management and environmental cleanup and restoration.
Materials and methods
Oligonucleotide probe design, synthesis and fabrication A new version of CommOligo with group-specific probe design features was used to design both gene-and group-specific oligonucleotide probes based on the following criteria: (i) genespecific probes: p90% sequence identity, p20-base continuous stretch and XÀ35 kcal/mol free energy (Liebich et al., 2006) ; (ii) group-specific probes: a group-specific probe has to meet the above requirements for nontarget groups, and it also has to have X96% of sequence identity, X35-base continuous stretch and pÀ60 kcal/mol of free energy within the group . The information about the probes and their targets is available on our web site: http://ieg.ou.edu/GeoChip2.0/GeoChip2.0-info.xls. All designed probes were subsequently verified by ProbeChecker, and synthesized by MWG Biotech Inc. (High Point, NC, USA). The concentration of all oligonucleotides was adjusted to 100 pmol/ml. All oligonucleotide probes and controls were arrayed onto Corning UltraGAPS (Corning, NY, USA) slides using a Microgrid II Arrayer (Genomic Solutions, Ann Arbor, MI, USA) as described previously .
Preparations of synthesized oligonucleotide and polymerase chain reaction PCR amplicon targets Oligonucleotides that are complementary to probes spotted on the array were synthesized and labeled at the 5 0 end with Cy5 or Cy3 dye during synthesis (Table S1 in Supplementary Data 1). 17 (11 for genespecific probes and six for group-specific probes) sequences were selected as templates from pure cultures or environmental clones available in our laboratory. The desired gene fragments were amplified by PCR (Tables S2 and S3 in Supplementary Data 1). To effectively evaluate GeoChip, most of the selected probes for generating targets have sequence identity, continuous stretch and free energy values close to the design criteria. Each PCR product had a minimal length to cover all available probes. Normally, 50 pg of each synthesized oligonucleotide or PCR-amplicon was used alone (single-target experiments) or in a mixture (multiple-target experiments) of multiple targets.
DNA extraction, labeling, GeoChip processing and chemical analysis Community DNAs were extracted from groundwater samples as described previously (Zhou et al., 1996) . Labeling, array hybridization and scanning were conducted as described previously . The analysis of uranium concentration in the groundwater samples was carried out as described by Wu et al. (2006c) .
Data normalization and analysis
Scanned images were quantified using the software ImaGene 6.0 (Biodiscovery Inc., El Segundo, CA, USA). A Perl script was developed to analyze digital array data. This script included the following key steps:
(i) Poor-quality spots were removed.
(ii) (ii) Signal intensity of each spot was normalized by mean. (iii) Spots with low signal intensities were removed based on the signal-to-noise ratio (SNR) (Wu et al., 2006a) . A commonly accepted SNR cutoff value of 3.0 (Verdick et al., 2002) was used for synthesized oligonucleotide and PCR-amplicon targets, and 2.0 for environmental samples. (iv) For outlier removal, if any of replicates (slides) had (signal-mean) more than three times the standard deviation, this replicate was moved. This process continued until no such replicates were identified. The Mantel test was used to examine the correlations between the differences of uranium concentrations and those of various functional gene abundances (Legendre and Legendre, 1998) .
Results

GeoChip design strategies and construction
Owing to the nature of functional gene sequences (highly similar and incomplete), it can be extremely challenging to design specific oligonucleotide probes for some functional genes using routine probe design strategies. Thus, in this study, four strategies were implemented. First, retrieved sequences were aligned using a multiple sequence alignment (MSA) program. Only the shared regions of the functional genes were used for probe design. Second, experimentally established oligonucleotide design criteria and a novel software tool specifically developed to deal with highly similar sequences were used to select 50-mer oligonucleotide probes. Third, to detect both divergent and closely related sequences, both gene-and group-specific probes were designed. Finally, to increase the confidence of detection, multiple probes for each sequence or each group of sequences were designed. The major steps for GeoChip construction are shown in Figure 1 (Table 1) . About 11.6% of the probes target the genes involved in carbon degradation, 4.2% for carbon fixation, 5.1% for nitrogen fixation, 1.4% for nitrification, 9.5% for denitrification, 5.9% for nitrogen mineralization, 6.7% for sulfate reduction, 3.2% for methane reduction and oxidation, 18.8% for metal reduction and resistance, and 33.1% for degradation/transformation of a variety of organic chemical compounds such as acrylonitrile (1.8%), benzoate (3.7%), biphenyl (1.1%), catechol compounds (4.0%), naphthalene (1.0%), phenol (1.2%) and protocatechuate (1.5%) ( Table 1 , Supplementary Data 3). Almost all (B98.2%) of the gene sequences were from bacteria whereas the rest (B1.8%) were from fungi. In addition, the following controls were spotted to check hybridization, printing, gridding, quality and data analysis: (i) 16S rRNA gene probes as positive controls (192 probes), (ii) quantitative and negative controls with 10 probes from 10 human genes (960 spots), and (iii) blanks.
Computational evaluation of GeoChip specificity
To assess the specificity of the designed probes, the distributions of the maximum sequence identity,
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Comprehensive FGA Covering >10,000 gene sequences with 24,243 probes Figure 1 Major steps for construction of the 50-mer GeoChip. CommOligo is the core program to select gene-and group-specific oligonucleotide probes for each functional gene sequence based on criteria: identityp90%, stretchp20 bases and free energyXÀ35 kcal/mol for gene-specific probes, and identityX96%, stretchX35 bases and free energypÀ60 kcal/mol for groupspecific probes. GeneDownloader, ProbeChecker and PlateProducer were Perl scripts to pre-process gene sequences or post-process oligonucleotide probes. maximum stretch length and minimal free energy to their nontargets were examined computationally. The majority of the designed probes fall in the ranges of sequence identify, stretch or free energy far away from the thresholds of probe design criteria, and only a very small portion of the designed probes were very close to the thresholds (3.4% of the gene-specific probes from the identity range of 86-90%, 7.0% from the maximal stretch lengths of 16-20 bases, and o1.7% with the minimal free energy within the range from À30 to À35 kcal/mol ( Figure 2 ). Similar results were observed for groupspecific probes ( Figure 3 ). Approximately 93.0% of group-specific probes had 100% sequence identities with their target members in the same group, and the other 4.7 and 2.3% of group-specific probes had 98 and 96% identities with their group targets, respectively ( Figure 3a ). For the stretch length, 94.3% of group-specific probes had 45-50-base stretches with their group targets, and the other 2.9 and 2.8% of group-specific probes had 40-44-base, and 35-39-base stretches with their group targets, respectively ( Figure 3b ). Most group-specific probes (86.0%) had the maximum free energy from À65 to À85 kcal/mol, and 8.1 and 5.9% of group-specific probes had the maximum free energy À60 to À65, and oÀ85 kcal/ mol, respectively (Figure 3c ). On the basis of our previous results on specificity evaluation (Rhee et al., 2004; Tiquia et al., 2004; He et al., 2005; Liebich et al., 2006) , all probes are expected to be highly specific to their corresponding targets.
Experimental evaluation of GeoChip specificity
The specificity of the designed GeoChip was further evaluated experimentally. Representatives of the probes whose values of sequence identity, stretch length and free energy are close to the probe design criteria thresholds were selected for experimental evaluation of specificity using both synthesized oligonucleotide targets and PCR-amplified targets. First, the specificity of the GeoChip was evaluated using an equal mixture (50 pg for each target) of 15 synthesized oligonucleotides (Table S1 in Supplementary Data 1), nine (T1-T9) targeted by genespecific probes and six (T10-T15) targeted by group-specific probes under different hybridization temperatures (42, 45, 50 and 601C) . Our results suggested that the optimal hybridization temperature was between 45 and 501C in the presence of 50% formamide (Figure 4) , which is consistent with our previous results with the arrays containing fewer probes (Rhee et al., 2004; Tiquia et al., 2004) . Second, a mixture of 25 synthesized oligonucleotide targets (Table S1 in Supplementary Data 1) was hybridized to the GeoChip at 501C and 50% formamide. All of the 25 probes corresponding to their targets showed positive signals but three unrelated probes showed positive hybridization, and no false negatives were detected (Table 2) . Finally, a mixture of 17 PCR-amplicons (Table S2 and S3 in Supplementary Data 1) were obtained using gene-specific primers, labeled and used as targets to evaluate GeoChip specificity. It is expected that 35 oligonucleotide probes on the array would hybridize with the targets. The results showed that all 35 expected probes had positive hybridization with an average signal of 926575270 (n ¼ 5), and an average of SNR ¼ 67.6738.72 (n ¼ 5). In addition, four probes showed false positives, and no false negatives were observed (Table 2) . By considering the numbers of probes on the arrays, the percentage Figure 4 The GeoChip was hybridized with a mixture of 15 synthesized oligonucleotide targets at 421C, 451C, 501C and 601C. The numbers of detected spots, expected spots, false positives and false negatives were shown with five replicates for each condition.
GeoChip for environmental studies Z He et al of false positives (4.9-9.7 Â 10 À4 ) is negligible. These results suggest that the probes on the GeoChip are highly specific to their corresponding targets.
Application of the GeoChip to analysis of in situ uranium bioremediation To demonstrate the power of the developed GeoChip, we used it to monitor microbial community dynamics in groundwater undergoing in situ biostimulation for uranium reduction at the Department of Energy (DOE) Field Research Center (FRC) in Oak Ridge (TN, USA). The groundwater and sediments at this field site has been heavily contaminated with high levels of uranium (up to 60 mg/l in groundwater and 800 mg/kg in sediments) and nitrate (up to 160 mM in groundwater), which presents a great challenge for environmental cleanup. In this field test, an above-ground treatment system was used to remove nitrate and other inhibitors to provide a favorable conditions for microbial growth and then ethanol was injected to subsurface from day 137 to 142 (1/7/2004 to 1/12/2004) and from day 163 to 166 to stimulate in situ microbial denitrification and subsequently microbial reduction of U(VI) to insoluble U(IV) (Wu et al., 2006b, c) . The ethanol injection was intermittently conducted. By the end of June 2005 (day 670), the uranium concentrations were reduced below the USA Environmental Protection Agency (EPA) maximum contaminant level (MCL) for drinking water (o30 mg/l) in monitoring wells ( Figure 5 ). Sulfate consumption and sulfide formation were evident during uranium remediation. This is the first in situ demonstration that high level of uranium contamination in subsurface can be successfully bioremediated to the level below the US EPA MCL.
The microbial community dynamics from one of the four frequently sampled monitoring wells (FW 102-3) was intensively analyzed with the GeoChip. More than 2993 genes in 4100 gene categories showed statistically significant positive hybridization signals. As dissimilatory Fe(III)-reducing bacteria (FeRB) such as Geobacter spp. and sulfatereducing bacteria (SRB), such as Desulfovibrio spp. are the two major groups of microorganisms capable of U(VI) reduction through both direct enzymatic (Lovley et al., 1993a, b; Lovley, 1995; Truex et al., 1996; Tebo and Obraztsova, 1998; Petrie et al., 2003; Wu et al., 2006c) and/or indirect chemical mechanisms (Mohagheghi et al., 1985; Liger et al., 1999) , we have focused on the analysis of the dynamics of FeRB and SRB. During the uranium reduction period, both FeRB ( Figure 5 ) and SRB (data not shown) populations reached their highest levels at day 212, followed by a gradual decrease over 500 days. Consequently, the uranium in groundwater and sediments was reduced and thus uranium concentrations in the groundwater decreased. Because Geobacter-type FeRB and some SRB can use U (VI) as electron acceptor by obtaining energy for growth (Lovley et al., 1993a, b; Truex et al., 1996; Tebo and Obraztsova, 1998) , it is expected that these types of microbial populations would change with uranium concentrations. As expected, the uranium concentrations in the groundwater were significantly correlated with the total abundance of c-type cytochrome genes (r ¼ 0.73, Po0.05, Figure 5 ) from Geobacter-type FeRB and Desulfovibrio-type SRB, and with the total abundance of dsrAB (dissimilatory sulfite reductase) genes (r ¼ 0.88, Po0.05) (data not shown). Mantel test also indicated that there was significant correlation between the differences of uranium concentrations and those of total c-cytochrome gene abundance (r m ¼ 0.75, Po0.001) or dsrAB gene abundance (r m ¼ 0.72, Po0.01). These results suggested that Geobacter-type FeRB and SRB played significant roles in reducing uranium to a level below the drinking standard (o30 mg/l).
To examine what genes/populations of FeRB and SRB were the key players for uranium reduction, a Mantel test was also performed to determine whether the changes in the abundance of each gene were correlated with the changes in uranium concentrations. The changes of more than a dozen of c-type cytochrome genes from Geobacter sulfurreducens and Desulfovibrio desulfuricans showed significant correlations to the changes of uranium concentrations among different time points (Figure 6 ), further suggesting that Geobacter and Desulfovibrio species did play a significant role in the success of the in situ uranium bioremediation. Also the changes of more than 10 dsrAB-containing populations, including both cultured (e.g. Desulfovibrio desulfuricans, Desulfovibrio termitidis, Desulfotomaculum kuznetsovii and Thermosedulfovibrio yellowstonii) and noncultured SRB were significantly related to the changes in uranium concentrations, indicating their importance in uranium reduction ( Figure 6 ). Interestingly, as expected, the changes of several dsrAB-containing sulfate-reducing populations previously recovered from this site Figure 5 Relationships between uranium concentrations and the total abundance of c-type cytochrome genes detected by GeoChip for groundwater microbial communities in the monitoring well FW 102-3. Ethanol was injected for 2 days every week till day 711.
GeoChip for environmental studies Z He et al (e.g. FW003269B and FW300181B) showed significant correlations to the differences of uranium concentrations ( Figure 6 ). All of the above results indicate that the GeoChip is able to reveal microbial community differences, and that it is a powerful tool for tracking bioremediation processes, and for linking microbial populations to functional processes.
Discussion
The development and application of microarraybased genomic technology for microbial detection and community analysis has received a great deal of attention. Because of its high-density and highthroughput capacity, it is expected that microarraybased genomic technologies will revolutionize the analysis of microbial community structure, function and dynamics. Therefore, we have developed a novel comprehensive microarray (GeoChip) containing 424 000 gene probes and covering 410 000 genes in 4150 functional groups involved in nitrogen, carbon, sulfur and phosphorus cycling, metal reduction and resistance, and organic contaminant degradation. To our knowledge, this is the most comprehensive microarray currently available for studying various biogeochemical processes and functional activities of microbial communities. Our experimental results with uranium bioremediation experiments indicate that the developed GeoChip is able to reveal microbial community differences, and is a powerful tool for tracking bioremediation processes, and for linking microbial populations to functional processes.
Specificity is one of the critical issues in microarray assays, especially for environmental studies. To ensure microarray hybridization specificity, we have experimentally established probe design criteria based on sequence identity, continuous sequence stretches and free energy Liebich et al., 2006) and developed a novel software tool, CommOligo, for designing microarrays probes . The developed GeoChip was designed using the newly developed software based on these experimentally established criteria Liebich et al., 2006) . Computational analysis showed that the majority (93-98%) of the probes on the GeoChip fall in the ranges of sequence identify, stretch length or free energy far away from the thresholds of probe design criteria, indicating that the designed probes should be specific to their corresponding targets. The specificity of the probe representatives whose values of sequence identity, stretch length and free energy are close to the probe design criteria thresholds were experimentally evaluated and only very small portions of false positive (0.002-0.004%) were observed. Further sequence analysis indicated that these false positive probes do not have high similarities, long stretches, or low free energy values with the targets used, suggesting that these false positives are due to random errors. Possible explanations for those false positives include high concentrations of targets used, errors in probe or/and target sequences, contaminations during probe/target preparation and array construction, and/or the lack of full understanding of the factors controlling probe-target kinetics. Finally, the comparison of the sequences from pure cultures indicated that the 50-mer oligonucleotide probes Figure 6 Hierarchical cluster analysis of gene relationships of groundwater microbial communities in the monitoring well FW 102-3 based on GeoChip hybridization signal intensity. Representative genes were from different samples of Well FW 102-3 at different days. These genes showed significant correlations (Pp0.05) with uranium concentrations based on the Mantel test. could provide species-strain level resolution for analyzing microorganisms involved in nitrification, denitrification, nitrogen fixation, methane oxidation, and sulfite reduction (Tiquia et al., 2004) . Thus similar taxonomic resolution is expected for the developed GeoChip.
In contrast to the whole genome open reading frame (ORF) arrays for gene expression study of individual pure cultures, the developed GeoChip also contains group-specific probes (17.7%) and covers about 3000 gene sequences, which is important for environmental studies because many target sequences involved key biogeochemical, ecological and environmental processes are highly homologous. Computational analysis showed that the majority (93%) of the probes on the developed GeoChip have 100% sequence homology to their corresponding target sequences and have at least less than 90% of homology to the non-target sequences, suggesting that these group-specific probes will be able to detect various sequence groups in the environmental samples.
Sensitivity is another critical parameter that impacts the effectiveness of microarray-based approaches for detecting genes in environmental samples. When PCR-amplicon-based FGAs were used, the detection limit for nirS genes was approximately 1 ng of pure genomic DNA and 25 ng of soil community DNA without amplification of target templates (Wu et al., 2001) . Studies with a 50-mer FGA showed that the detection limit without target template amplification ranges from 5-10 ng of pure genomic DNA and 50-100 ng in a mixture of genomic DNA from different organisms (Rhee et al., 2004; Tiquia et al., 2004) . By combining wholecommunity genome amplification (WCGA) approach, the 50-mer FGA can detect subnanogram quantities of microbial community DNAs as low as 10 pg (Wu et al., 2006a) . Therefore, it is expected that the developed GeoChip will have a similar level of sensitivity of the 50-mer FGAs because the hybridization conditions are identical.
The quantitative capability of microarray-based technology is another central issue for environmental applications. Several previous studies showed that very good linear relationships were obtained between hybridization signal intensity and target DNA or RNA concentration from pure cultures, mixed DNA templates and cells, and environmental samples (Wu et al., 2001 Rhee et al., 2004) . Recently, we showed that reliable quantification could be obtained using 50-mer FGAs with randomly amplified DNAs (Wu et al., 2006a) or randomly applied RNAs (Gao et al., 2007) . Thus, it is expected that the gene-specific probes on the GeoChip should be able to provide quantitative information for their corresponding target genes as demonstrated in our previous studies because the hybridization conditions are identical. One potential problem for quantifying population abundance with group-specific probes is that the target sequences with one or two mismatches may result in lower hybridization signals than the target sequences with perfect matches, which may lead to inaccurate estimations of population abundance. However, since most (93%) of these group-specific groups on this designed GeoChip have B100% homology to their sequences, the quantitative inaccuracy resulted from mismatched sequences should be a less concern.
As potential cross-hybridization is always a concern, especially when dealing with environmental samples of unknown composition, it is important to use the GeoChips for relative comparisons. In general, relative changes in microbial communities can be measured by the hybridization signal ratios of treatment samples to a common reference or control sample. The effects of cross-hybridization can be canceled out when the hybridization intensity signals from treatment samples are divided by the hybridization intensity signals from the common reference samples under the assumption that the community composition is similar between the treatment and reference samples. Thus, using hybridization ratios will help to minimize the effects of cross-hybridization on quantitative accuracy. Also, multiple hybridizations with replicate samples are always important for statistically assessing the reliability of the hybridization data and for obtaining reliable quantitative results with high confidence.
Microbial community sequencing presents a new age in biology, but one of the greatest challenges is how to link genomics, as well as microbial diversity, to ecosystem processes and functions Fitter et al., 2005; Oremland et al., 2005) . In contrast to small subunit ribosomal RNA gene-based PhyloChips (Loy et al., 2002; Zhou, 2003; Zhou et al., 2004) , the developed GeoChip will be an ideal tool for providing direct functional linkages of genes/ populations to ecosystem processes and functions because it contains probes from all functionally known geochemical, ecological and environmental processes. The developed GeoChip can be used to analyze microbial community structure of both heavy and light fractions from stable isotope probing approach (Leigh MB, Ostrom NE, J Zhou, Tiedje JM, the ASM General Meeting Abstract, 2006) . By coupling the GeoChip-based hybridization with stable isotope probing analysis, we can rapidly know which functional groups/populations are active. In addition, the GeoChip can be used to measure community gene expression because all GeoChip probes were selected from coding sequences of functional genes. Thus, probing mRNAs with the developed GeoChip and/or stable isotope probing will provide valuable insights into functions of the genes/populations in critical geochemical and ecological processes. Such information will be particularly useful in establishing mechanistic linkages between the diversity of microbial genes/populations and ecosystem functions.
The developed GeoChip is expected to be a powerful tool in studying microbially mediated geochemical, ecological and environmental processes. Two major types of applications can be visualized for the developed Geochip. One is to track microbial community dynamics under different environmental/treatment conditions as we described above. The developed GeoChip has been successfully used to track the changes of the responsible microbial populations during the bioremediation processes. We have also used the GeoChip to address specific questions and/or hypotheses related to microbial population/community dynamics at a particular site, such as whether a contaminant or a change in environmental conditions adversely affects certain key microbial populations (data not shown). The other is to use it as a generic tool for profiling the differences between microbial communities. For this purpose, we have used the developed GeoChip to analyze microbial communities from a variety of habitats, such as bioreactors, soils, marine sediments and animal guts (data not shown). All of these results suggest that the developed GeoChip is useful for studying various biogeochemical, ecological and environmental processes and associated microbial communities in natural settings in a rapid, high throughput and potentially quantitative fashion. With the developed GeoChips, it is possible to address many fundamental and applied research questions in microbial ecology important to human health, agriculture, energy, global climate changes, ecosystem management and environmental cleanup and restoration.
As a by-product of nuclear weapons production during the Cold War era, many DOE field sites are contaminated with mixtures of metals and radionuclide as well as nitrate, chlorinated solvents and hydrocarbons. Among the mixed contaminants, uranium, which has half-lives ranging from 247 000 to 4.5 billion years, is the most predominant radionuclide contaminant at DOE sites. Owing to the risks to liver damage and cancer, there is increasing concern about the fate of uranium in the contaminated areas. Microbially mediated reduction of highly soluble uranium (VI) to insoluble uranium (IV) is a promising strategy for the potential remediation of uranium-contaminated groundwaters. In the field plot experiments, the uranium concentrations were reduced below o30 mg/l. Experimental results from GeoChip analysis suggested that Geobacter-type FeRB and SRB played significant roles in uranium reduction, suggesting that uranium remediation using indigenous microorganisms could be a valid option in heavily uraniumcontaminated sites.
Although GeoChips have the potential to be powerful tools in characterizing microbial community structure, a number of challenges will need to be addressed and overcome. First of all, it appears that the enzymes used for amplification and labeling are very sensitive to the residual contaminants (e.g. humic substance) in purified community DNAs as well as freshness of reagents. High quality of community DNAs is critical to minimize experimental variations for improving microarray-based quantitative accuracy. Second, another difficulty in using GeoChips for addressing environmental questions is the lack of appropriate standards for data comparison. At this time, it is difficult to compare microarray data among different laboratories and even among different experiments in a single laboratory (Zhou, 2003) . This could limit the power of this technology to address ecological and environmental questions. Further development of universal standards which allow quantitative comparisons across different conditions are urgently needed. Third, the target sequences in public database increase exponentially, and hence the GeoChip needs to be continously updated. One of the challenges is that the current probe design program is difficult to handle many sequences. Rapid probe designing tools capable of handling 10 000 of homologous sequences are needed. In addition, the quantity of data generated by microarray-based studies of environmental samples will likely be enormous, but rapid processing, comparing, interpreting hybridization data still remain difficult endeavors. Bioinformatic tools developed for gene expression analysis can be used to analyze environmental samples to some extent, but they have difficulty in dealing with the complexity of environmental samples. Development of novel bioinformatics tools for data analysis and interpretation is urgently needed. Finally, as we have always emphasized (Zhou and Thompson, 2002) , GeoChips are only tools, and as such, they should be integrated with studies to address ecological and environmental questions and hypotheses. Only in this way can the power of GeoChips for analyzing environmental samples be ascertained.
In summary, the developed GeoChip contains over 24 000 oligonucleotides covering more than 150 functional groups of 10 000 gene sequences involved in various biogeochemical and environmental processes. Computational and experimental evaluation indicates that the developed GeoChip is highly specific. Successful application of the GeoChip for monitoring bioremediation processes of uranium reduction in fields demonstrates that it can be used as a powerful tool for rapid, high-throughput, parallel and cost-effective analysis of microbial communities, and for providing mechanistic linkages between microbial populations and bioremediation processes. The GeoChip is the most comprehensive microarray currently available for microbial community studies. The developed GeoChip can be used as a generic high-throughput tool to address various biological questions in different systems such as bioreactors, soils, groundwaters, marine sediments and animal guts although further developments are needed in terms of quantitative data comparisons across different experiments, laboratories and times, high-throughput probe design, rapid data processing, analysis and visualization, and interpretation within the context of environmental and ecological application.
